The assembly of neural circuits in the vertebrate central nervous system depends on the organized generation of specific neuronal subtypes. Studies over recent years have begun to reveal the principles and elucidate some of the detailed mechanisms that underlie these processes. In general, exposure to different types and concentrations of signals directs neural progenitor populations to generate specific subtypes of neurons. These signals function by regulating the expression of intrinsic determinants, notably transcription factors, which specify the fate of cells as they differentiate into neurons. In this review, we illustrate these concepts by focusing on the generation of neurons in ventral regions of the spinal cord, where detailed knowledge of the mechanisms that regulate cell identity has provided insight into the development of a number of neuronal subtypes, including motor neurons. A greater knowledge of the molecular control of neural development is likely to have practical benefits in understanding the causes and consequences of neurological diseases. Moreover, recent studies have demonstrated how an understanding of normal neural development can be applied to direct differentiation of stem cells in vitro to specific neuronal subtypes. This type of rational manipulation of stem cells may represent the first step in the development of treatments based on therapeutic replacement of diseased or damaged nervous tissue.
INTRODUCTION
One of the fundamental goals in developmental neurosciences is to understand the mechanisms that control the generation of distinct classes of neurons in the vertebrate central nervous system (CNS). Within the developing CNS, hundreds of distinct subtypes of neurons are generated in spatially and temporally coordinated programmes, and this organized emergence of neuronal diversity is the foundation for the assembly of functional neuronal circuits. To understand the mechanisms that underlie this process, a greater knowledge of the molecular control of the acquisition of neuronal identity is required. This knowledge is not only important for understanding normal CNS development, but also key to uncovering the mechanisms of neurological diseases. Moreover, a greater understanding of the regulation of neuronal subtype identity may contribute to the development of effective treatments for the repair of damaged nervous systems, as the use of progenitor cell populations and/or stem cells in the treatment of neurodegenerative diseases is explored.
Considerable progress has been made in identifying the signals and elucidating the molecular mechanisms that regulate neural cell fate (for reviews see Edlund & Jessell 1999; Jessell 2000; Shirasaki & Pfaff 2002) . In broad terms, initially uncommitted progenitor populations at distinct positions along the rostrocaudal and dorsoventral axes acquire their fate by exposure to different types and concentrations of signals. These signals regulate sets of intrinsic, cell-autonomous determinants, which specify cell fate by controlling the transcriptional programme of the cell. The vertebrate spinal cord represents a well-characterized region of the CNS, where our understanding of the mechanisms that regulate neuronal subtype identity are most advanced. Distinct neuronal subtypes that reside in characteristic, stereotypic positions perform the main functions of the spinal cord-controlling motor output and transmitting sensory information. The neurons that process and relay sensory input are found, predominantly, in the dorsal half of the spinal cord, whereas the neurons that participate in motor output, including motor neurons (MNs), are located ventrally (see Ramón y Cajal 1906) . This positioning reflects, to a large extent, the developmental origin of each individual neuronal subtype. In this review, we will focus on neuronal development in ventral regions of the spinal cord and discuss recent work that has shed light on the molecular mechanisms controlling the generation of these neuronal subtypes.
Shh CONTROLS THE PATTERN OF GENERATION OF NEURONAL SUBTYPES IN THE VENTRAL SPINAL CORD
The identification and use of molecular markers, notably transcription factors, has revealed the presence of at least five distinct neuronal subtypes in the ventral neural tube (Ericson et al. 1997a; Pierani et al. 1999) . Each of these neuronal subtypes expresses a unique combination of transcription factors and comprises MNs and four groups of interneurons (V0-V3). Several lines of evidence indicate that these classes of neurons, although originally defined in developmental studies, represent separate functional groups of neurons with conserved and distinct roles in motor circuit activity. Moreover, the combination of transcription factors expressed by these differentiating neurons not only serves as useful markers for the different cell types, but also appears to be functionally relevant because at least some of the properties of the developing neurons are determined by these transcription factors (reviewed by Shirasaki & Pfaff 2002; Goulding & Pfaff 2005) .
The five neuronal subtypes of the ventral neural tube emerge in precise spatial order from proliferating progenitor cells arrayed along the dorsoventral axis of the spinal cord (figure 1; Ericson et al. 1997b; Briscoe et al. 2000) . This partition of the dorsoventral axis into distinct domains of progenitors that generate different neuronal classes takes place early during the neural development and depends on signals that derive from axial midline cells of the notochord (a mesodermal rod of cells underlying the ventral neural tube) and floor plate (the specialized group of cells that occupies the ventral midline of the spinal cord; figure 2; Placzek et al. 1991; Yamada et al. 1991) . Observations and embryological manipulations of chick and amphibians first indicated the role for these structures in establishing the dorsoventral polarity of the spinal cord (e.g. Watterson et al. 1955; van Straaten et al. 1985) , and subsequent studies confirmed and extended these ideas, raising the possibility that a single signal controlled neuronal subtype identity in the ventral neural tube.
The search for the molecular identity of the signal responsible for patterning the ventral neural tube culminated with the discovery of the secreted protein Sonic hedgehog (Shh), the protein encoded by the vertebrate orthologue of the Drosophila segment polarity gene Hedgehog (Echelard et al. 1993; Krauss et al. 1993; Riddle et al. 1993; Chang et al. 1994; Roelink et al. 1994) . Shh is produced by the notochord and floor plate at the times when these two groups of cells exhibit their influence over neural tube patterning. The importance of Shh has been confirmed by the loss of ventral neurons in embryos, in which Shh signalling had been blocked either biochemically or genetically (Chiang et al. 1996; Ericson et al. 1996) . In addition, Shh signalling appears to be sufficient to specify the pattern of ventral neurogenesis (Marti et al. 1995; Roelink et al. 1995; Ericson et al. 1996 Ericson et al. , 1997b . In vitro experiments indicate that incremental two-to threefold changes in Shh concentration promote the generation of the distinct neuronal subtypes, such that the concentration of Shh necessary to induce each neuronal class in vitro corresponds to its distance from the source of Shh in vivo. Thus, neurons generated in progressively more ventral regions of the neural tube require correspondingly higher Shh concentrations for their induction. From these studies, the idea has emerged that Shh functions in a graded manner to pattern the ventral neural tube, directing the position of generation and subtype identity of the neurons at defined concentration thresholds.
In Drosophila, some of the long-range wing patterning activity of Hedgehog appears to be exerted indirectly by the induction of secondary signal(s) (Zecca et al. 1995) . This result raised the possibility that the
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Gli activation K/K mutants have no defect in ventral patterning. In Gli2 K/K embryos, the most ventral cell types, the FP and V3 neurons, are absent and there is a concomitant expansion of the MN domain. By contrast, in Gli3 K/K mutants, patterning of the intermediate region of the neural tube is disrupted. Embryos lacking both Shh and Gli3 functions demonstrate a substantial restoration in normal dorsoventral patterning, compared to Shh null mutants alone and a similar situation is observed in Gli2
patterning activity of Shh in the neural tube could be indirect, being mediated by intermediary signals. Thus, Shh signalling would act only at short range to initiate a relay signal that would act to pattern the neural tube. A variety of evidence, however, argues against this model and supports the idea that Shh signalling acts directly at long range to organize the pattern of neurogenesis in the ventral neural tube. Shh protein and the activity of Shh are detectable in the regions of the neural tube that are several cell diameters from its sources (Marigo & Tabin 1996; Gritli-Linde et al. 2001) , and ectopic activation of Shh signalling cell autonomously induces ventral neuronal fates (Hynes et al. 2000) . Conversely, the cell-autonomous blockade of Shh signalling, by either removal of an essential component of the Shh signalling pathway (Wijgerde et al. 2002) or ectopic expression of a dominant inhibitor of the signalling pathway , blocks the generation of ventral neurons, which instead develop with characteristics of neurons located in the dorsal neural tube. Together, these studies support the view that the generation of the five 'cardinal' neuronal subtypes by graded Shh signalling represents a basic organizational structure of the ventral neural tube (figure 1). It is clear, however, that further subdivisions of these five neuronal classes will emerge as more molecular markers are characterized and additional assays are employed to study their function. In part, this is likely to reflect the diversification of individual neuronal fates following their initial generation-this is already apparent for MNs where mechanisms that subdivide somatic MNs into pools of neurons that innervate different muscles are under intensive study (Liu et al. 2001; Dasen et al. 2003) . In addition, mechanisms that increase the initial diversity of neuronal subtypes are also likely to operate. For example, the expression of additional transcription factors divides the V2 neuron population into two spatially intermixed groups of neurons that appear to be generated in the same region of the spinal cord (Karunaratne et al. 2002; Smith et al. 2002) . Nevertheless, examining the generation of MNs and V0-V3 neurons serves as a powerful experimental paradigm for exploring the mechanisms that control the spatial allocation of neuronal subtype identity.
SPECIFICATION OF PROGENITOR CELL IDENTITY BY A TRANSCRIPTION FACTOR CODE
Graded Shh signalling controls neuronal subtype identity by influencing the behaviour of ventral progenitor cells. Progenitor cells respond to graded Shh signalling by regulating the expression of a series of transcription factors, which, with the exception of the basic helix-loop-helix (bHLH) protein Olig2, are members of the homeodomain protein family (figure 2; Briscoe et al. 2000; Briscoe & Ericson 2001; Novitch et al. 2001) . Studies of both mouse and chick spinal cord suggest that the progenitor transcription factors act as intermediaries in the interpretation of graded Shh signalling (Ericson et al. 1997b; Briscoe et al. 1999; Briscoe et al. 2000; Novitch et al. 2001; Vallstedt et al. 2001; Gotz et al. 2005) . On the basis of their mode of regulation by Shh signalling, progenitor transcription factors can be subdivided into two groups, termed class I and II proteins (figure 2). signalling, so their dorsal expression boundaries are defined by graded Shh signalling. The response to Shh signalling is not, alone, sufficient to explain the domains of gene expression of the class I and II proteins. Strikingly, the ventral limit of most class I proteins corresponds to the dorsal limit of expression of a class II protein. Gain-and loss-of-function studies indicate that selective crossrepressive interactions between complementary pairs of class I and II proteins expressed in adjacent, abutting domains are important for establishing the boundaries of gene expression (figure 2; Ericson et al. 1997b; Briscoe et al. 1999 Briscoe et al. , 2000 Novitch et al. 2001; Vallstedt et al. 2001; Gotz et al. 2005) . These cross-repressive interactions ensure that each progenitor expresses a distinct combination of class I and II proteins. Moreover, they may also serve to consolidate progenitor domain identity by relieving a requirement for a prolonged period of Shh signalling to maintain gene expression domains. These reciprocal interactions also provide a mechanism to convert a gradient of Shh signalling into discrete all or none changes in gene expression. The principle of this mechanism resembles those observed in other developing tissues ( Jäckle et al. 1986; Kraut & Levine 1991) , perhaps suggesting a general strategy for the regional allocation of cell fate in response to graded inductive signals.
At the time neuronal differentiation is initiated, the combinatorial expression of the progenitor transcription factors divides the ventral spinal cord into five progenitor domains, each of which generates one of the five distinct neuronal subtypes. This subdivision is a primary requirement for the generation of distinct neurons. The five progenitor domains correspond to the position of generation of the five ventral neuronal subtypes, and the profile of the progenitor transcription factor expression appears to specify the identity of neurons generated from each progenitor domain. Consistent with this, the forced expression of a class I or II protein in the neural tube changes the fate and position of generation of individual neuronal subtypes in a manner predicted by the normal profile of homeodomain protein expression Novitch et al. 2001) . Conversely, the targeted inactivation of individual class I or II proteins in mice results in predictable switches of neuronal fate (Ericson et al. 1997b; Briscoe et al. 1999 Briscoe et al. , 2000 Novitch et al. 2001; Vallstedt et al. 2001; Zhou & Anderson 2002; Gotz et al. 2005) .
Gain-of-function studies revealed that the majority of the class I and II proteins acts as transcriptional repressors and directly interacts with the Groucho family of corepressors . The exception to this rule being Pax6 that appears to repress Nkx2.2 indirectly, presumably via the induction of a yet to be identified transcriptional repressor. Together, these studies provided insight into the molecular basis of the control of neuronal subtype identity in the ventral neural tube and emphasize the importance of transcription repression, suggesting that the specific identity of each progenitor domain arises by suppressing all other possible fates ).
Gli PROTEINS MEDIATE GRADED Shh SIGNALLING
The pivotal role of graded Shh signalling in the ventral neural tube has focused attention on how Shh controls concentration-dependent differential gene expression of class I and II genes. The molecular mechanisms of Hedgehog (Hh) signalling are best understood in Drosophila, where the zinc-finger-containing transcription factor Cubitus interruptus (Ci) is critical to Hh-mediated control of gene expression (reviewed by Ingham & McMahon 2001; Lum & Beachy 2004) . In the absence of Hh signalling, Ci is proteolytically processed into a truncated repressor form that inhibits Hh target genes. Hh signalling converts Ci into a transcriptional activator by, at least in part, inhibiting processing of Ci.
In vertebrates, all three Ci homologues, Gli1, Gli2 and Gli3, are expressed in the neural tube (Hui et al. 1994; Lee et al. 1997; Sasaki et al. 1997 ; Ruiz i Altaba 1998). However, Gli1, which appears to act solely as a transcriptional activator, is dispensable for normal mouse development and the generation of neurons in the spinal cord of Gli1 mutant mice proceeds without disturbance (figure 1; Park et al. 2000; Bai & Joyner 2001) . In contrast, the analysis of mutant mice has identified specific functions for both Gli2 and Gli3 in the neural tube. Both Gli2 and Gli3 have C-terminal transcriptional activator and N-terminal repressor regions (Dai et al. 1999 Lei et al. 2004 ). In the spinal cord of mice lacking Gli2, the development of the most ventral cell types is disrupted, i.e. the generation of the floor plate and adjacent V3 neurons are severely affected and there is a concomitant ventral expansion of MNs (figure 1; Matise et al. 1998) . Other ventral neurons are, however, generated at their appropriate dorsoventral positions. The neural tube defects characteristic of Gli2 mutant embryos can be rescued by replacing Gli2 with a Gli1 cDNA, suggesting that the inductive effects of Gli2 are mediated through its function as a transcriptional activator (Bai & Joyner 2001) . In embryos lacking Gli3, although patterning is normal in ventral regions, there is a dorsal expansion of cell types typical of the intermediate neural tube that results in progenitor cells responding as though exposed to a higher concentration of Shh (figure 1; Persson et al. 2002) . These defects are rescued by a truncated allele of Gli3 that encodes a transcriptional repressor, suggesting that only repressor activity of Gli3 is normally required in the spinal cord (Persson et al. 2002) . Activator function can, however, be revealed in compound Gli mutants (Bai et al. 2004; Lei et al. 2004) .
The role of Gli3 as a repressor is further emphasized by the analysis of embryos that lack both Gli3 and Hh signalling. Mutation of either Shh or Smo (an essential transmembrane component of the Shh signalling pathway) results in a neural tube lacking ventral cell types (Chiang et al. 1996; Zhang et al. 2001; Wijgerde et al. 2002) . In contrast, when Gli3 is removed in addition to Shh or Smo, there is a recovery of MN, V2, V1 and V0 neuron generation (figure 1; Litingtung & Chiang 2000; Wijgerde et al. 2002) . This suggests that, in the absence of Shh signalling, Gli3 normally represses ventral neuronal fates. Therefore, in embryos lacking Gli3, Shh signalling is no longer required to remove the repressive activity of Gli3. Thus, an important role for Shh signalling in the ventral neural tube is the inhibition of Gli3 repressor activity. Although several ventral cell types are recovered in double mutants lacking Gli3 and Shh signalling, V3 neurons and floor plate cells are not rescued, indicating that active Hh signalling is required for the induction of these cell types. These two cell types are also lost in Gli2 mutants (Matise et al. 1998) , indicating that the generation of floor plate cells and V3 neurons depends on the transcriptional activator function of Gli2 induced by Shh signalling.
The generation of MNs, V2, V1 and V0 neurons independent of Shh signalling and Gli activity has been confirmed by the analysis of double mutant mice, lacking both Gli2 and Gli3 (figure 1; Bai et al. 2004; Lei et al. 2004) , and in single mutant mice that are unable to generate both Gli repressor and Gli activator function (Huangfu et al. 2003; Liu et al. 2005) . In each case, these mutant embryos display a neural tube phenotype similar to Shh/Gli3 double mutants. These findings indicate that the Gli proteins mediate all patterning activity attributable to Shh signalling. Moreover, these data indicate that Gli3 represses ventral neural fates and Shh signalling acts by relieving this repression and promoting the transcriptional activity of Gli2.
Despite the generation of many ventral neuronal subtypes in the absence of Shh/Gli activity, the organization of these cells is severely disrupted (Litingtung & Chiang 2000; Persson et al. 2002; Wijgerde et al. 2002) . In place of the spatially segregated domains of different neuronal fates, delimited by sharp boundaries in gene expression, the generation of V2, V1 and MNs in Shh/Gli3 double mutant embryos is intermingled over a wide area of the ventral spinal cord. Some intermixing between adjacent domains in the intermediate neural tube is also observed in single mutant embryos that lack Gli3 (Persson et al. 2002) . In both Gli3 mutants and Shh/ Gli3 double mutants, the intermingling of cell types is not a consequence of progenitors or neurons acquiring mixed identities, because individual cells retain discrete, appropriate gene expression profiles. Instead, the intermingling of cell types appears to reflect a loss of positional information within the ventral neural tube. Thus, cells acquire identities with little or no respect for their position along the dorsoventral axis. This suggests that the primary role of Shh/Gli signalling is the spatial regulation, but not the induction, of progenitor domain transcription factors and this spatial regulation organizes progenitors into distinct dorsoventral domains. In part, this may reflect a role of Shh/Gli activity in controlling the cell affinity of progenitors along the dorsoventral axis (Wijgerde et al. 2002; Lei et al. 2004) . However, the loss of all ventral identities in embryos lacking Shh or Smo indicates that Gli proteins can directly influence the expression of progenitor genes.
How might Gli activity impart positional information to the neural tube? An attractive model that would account for the data is that Shh establishes a gradient of Gli activity by inhibiting Gli repressor activity and potentiating Gli activator function (figure 1). In the absence of Shh signalling, repressor activity dominates and suppresses all ventral fates. Shh signalling relieves Gli3 repression and, at the same time, promotes Gli2 activation. The distance from the source of Shh determines the balance of repression to activation, i.e. the closer a cell is to the source of Shh the less repression and higher the level of activation. This balance of Gli activity provides positional identity to a cell and influences the progenitor transcription factors it expresses. Consistent with this idea, providing different levels of Gli activity to neural cells is sufficient to recapitulate the activity of different concentrations of Shh (Stamataki et al. 2005) , suggesting that the level of Gli activity harboured by a cell represents the intracellular correlate of extracellular Shh concentration. Thus, in this view, a gradient of Shh protein in the developing neural tube is transduced to a gradient of Gli activity, which, in turn, regulates the patterning of ventral progenitors. In the absence of Gli activity, for example in Gli2/Gli3 double mutant embryos, cells lack the positional information normally provided by the ratio of Gli activator and repressor. However, these cells remain able to express ventral progenitor transcription factors and, perhaps under the influence of other signals, initiate progenitor transcription factor expression. The network of cross-repressive interactions, described in figure 3, ensures that, in these circumstances, individual cells express a combination of genes appropriate for a discrete cell type. The lack of positional information, normally imposed by the balance of Gli activity, means that spatial organization is lost and, instead of the ordered generation of cell types, significant intermixing of neuronal production occurs. In addition, signals from the dorsal pole of the neural tube also influence patterning in ventral regions. Bone morphogenetic protein (BMP) family members, which have a prominent role in the specification of neuronal fate in the dorsal neural tube (Liem et al. 1997) , appear to additionally inhibit the specification of ventral neural tube cell types. Zebrafish embryos mutant for BMP family members have expanded domains of ventral neuronal subtypes (Barth et al. 1999; Nguyen et al. 2000) . Consistent with this, BMPs alter the in vitro response of neural progenitor cells to a fixed concentration of Shh, resulting in a dorsal shift in the identity of the neural progenitors and neuronal subtypes generated (Liem et al. 2000) . Conversely, BMP antagonists sensitize neural cells to Shh signalling (Liem et al. 2000; Patten & Placzek 2002) . These data suggest that the Shh and BMP signalling pathways intersect and that BMPs act to limit the ventralizing activity of Shh. In addition to BMPs, Wnt proteins emanating from the dorsal midline have also been found to affect neural progenitor behaviour and neuronal identity (Muroyama et al. 2002) . Wnt signals appear to promote progenitor proliferation throughout the neural tube (Megason & McMahon 2002; Chesnutt et al. 2004) , and have also been suggested to inhibit Shh signalling and, consequently, the generation of ventral cell types (Robertson et al. 2004) .
CONTRIBUTIONS OF OTHER SIGNALS TO DORSOVENTRAL PATTERNING
Thus, the activities of BMP, Wnt, FGF and RA together with Shh appear to choreograph the patterning of the ventral neural tube (figure 2; Liem et al. 2000; Diez del Corral et al. 2003; Novitch et al. 2003) . During the early stages of neural differentiation, neural progenitors are exposed to high levels of FGF, and the levels of retinoid synthesis, BMP and Shh expression are low; consequently, the expression of class I and II proteins is absent. As the node regresses, the exposure of neural cells to FGF decreases and this coincides with 
FROM NEURAL INDUCTION TO NEUROGENESIS
Patterning of neural progenitors and the control of neuronal subtype identity must be coordinated with the processes that induce neural tissue and determine the timing of neuronal differentiation. The induction of neural tissue appears to require FGF signalling, together with the antagonism of BMP signalling and abrogation of Wnt signalling (Streit et al. 2000; Wilson et al. 2000; Wilson et al. 2001) . Cell-intrinsic effectors of neural induction include Sox1-3, high mobility group box transcription factors of the SoxB1 family (reviewed by Pevny & Placzek 2005) . Members of this family are expressed in ectodermal cells prior to neural induction, and their expression continues, or is upregulated, as cells become committed to a neural fate (Pevny & Placzek 2005) . Moreover, studies in the chick embryo have identified regulatory elements within the Sox2 gene that respond to neural-inducing signals (Uchikawa et al. 2003) , raising the possibility that the activation of SoxB1 gene expression is a primary response to these neuralizing signals.
Beyond their utility as markers of early neural tissue, the transcriptional activator function of SoxB1 proteins also appears to be involved in neural fate determination and the maintenance of the neural progenitor state. The forced expression of SoxB genes promotes the neural differentiation of multipotent embryonic stem cells and P19 embryonal carcinoma cells (Pevny et al. 1998) . Conversely, in Xenopus, inhibition of SoxB signalling blocks neural differentiation (Kishi et al. 2000) . Within the neural tube, SoxB1 proteins are expressed in the neural progenitors and expression is downregulated, as progenitors exit the cell cycle and become post-mitotic neurons (figure 3; Bylund et al. 2003; Graham et al. 2003) . This progenitor expression of SoxB1 proteins maintains the undifferentiated state of progenitors. Ectopic expression of Sox2, Sox3 or dominant active versions of SoxB1 proteins in chick neural progenitors block neuronal differentiation, while the forced expression of dominant negative versions of SoxB1 proteins results in the precocious exit of progenitors from the cell cycle and the upregulation of post-mitotic markers in these cells (Bylund et al. 2003; Graham et al. 2003) . Moreover, Sox21, a SoxB1 family member related to Sox1-3, but containing transcriptional repressor activity, counteracts Sox1-3 (Sandberg et al. 2005) . Thus, the balance of activator functions of Sox1-3 and repressor functions of Sox21 appears to influence whether neural cells remain as progenitors or commit to differentiation (figure 4). A critical step in the progression of progenitors to differentiated neurons is the initiation of proneural bHLH gene expression (figures 3 and 4). These proneural genes play an essential role in the decision of progenitors to exit the cell cycle and in specifying the pan-neuronal characteristics of neurons, such as their formation of axons and dendrites. Among the beststudied members of this family of genes are Mash1, Neurogenin1 (Ngn1) and Neurogenin2 (Ngn2), whose expression is localized in discrete domains along the dorsoventral axis of the spinal cord and other regions of the CNS (Sommer et al. 1996; Ma et al. 1997) . Both gain-and loss-of-function experiments have demonstrated that these bHLH proteins have common functions in promoting cell cycle exit and inducing general neuronal character (reviewed by Bertrand et al. 2002) ; moreover, recent data have provided evidence that Ngn2 is sufficient to induce Sox21 (Sandberg et al. 2005) , establishing a possible link between the neuronal differentiation-inducing properties of these two classes of transcription factors.
The domain-restricted expression patterns of the bHLH proteins imply that they may be controlled by the signals that pattern the neural tube and that they may play a role in specifying the cell types which emerge from each progenitor domain. Evidence to support this has come from elegant genetic experiments analysing the role of Mash1 and Ngn2 in the ventral neural tube. Mash1 is expressed by progenitors that give rise to V2 interneurons and is required for their generation (Parras et al. 2002) . In contrast, Ngn2 is more broadly expressed in progenitors of MNs, V1 and V3 neurons and loss of Ngn2 results in impaired generation of these cell types (Scardigli et al. 2001; Parras et al. 2002) . The absence of V2 neurons in Mash1 mutant mice reflects a specific requirement for Mash1 in the formation of these cells, beyond its role in promoting neuronal differentiation because insertion of Ngn2 coding sequences into the Mash1 locus restores the overall generation of neurons, but not V2 characteristics (Parras et al. 2002) . Conversely, the reciprocal replacement of Ngn2 with Mash1 similarly restores the deficit in the overall production of neurons by MN, V1 and V3 progenitors, but leads to the ectopic production of V2 neurons intermingled with MNs (Parras et al. 2002) . These results indicate that while proneural bHLH proteins have a common function in promoting general aspects of neuronal differentiation, they also play a role in specifying specific cell fates. Some complications to this model are the observations that proneural bHLH proteins are typically expressed by multiple progenitor populations and that they contribute to the production of several different types of neurons (Scardigli et al. 2001b; Simmons et al. 2001; Helms et al. 2005 ). These observations indicate that, while proneural bHLH proteins may harbour fate-specifying functions, their activities must be coordinated with additional determinants that operate within a given progenitor domain.
COORDINATION OF CELL FATE AND NEUROGENIC DIFFERENTIATION
Some insights into the mechanisms that link together cell-fate specification and pan-neuronal differentiation have emerged through the identification of the bHLH protein, Olig2, which appears to coordinate multiple steps in the formation of MNs: progenitor patterning; MN fate determination; and neurogenic differentiation (Mizuguchi et al. 2001; Novitch et al. 2001) . Olig2 expression begins in the newly formed neural tube in response to both Shh and RA signals, and acts downstream of the class II proteins Nkx6.1 and Nkx6.2 (Lu et al. 2000; Novitch et al. 2001b; Novitch et al. 2003; Cai et al. 2005; Vallstedt et al. 2005) . After its induction, Olig2 participates in the dorsoventral pattering of progenitors through its ability to repress the class I protein Irx3 from the ventral neural tube (Mizuguchi et al. 2001; Novitch et al. 2001) . Subsequently, Olig2 serves as a unique marker of MN progenitors, and its transcriptional repressor function is both necessary and sufficient to stimulate the expression of a number of downstream homeodomain transcription factors that provide MNs with their unique character (Mizuguchi et al. 2001; Novitch et al. 2001b; Lu et al. 2002; Zhou & Anderson 2002; Takebayashi et al. 2002a ). In addition, Olig2 elevates the expression of Ngn2 and the downstream proneural bHLH protein NeuroM within MN progenitors, causing these cells to exit the cell cycle and differentiate (Novitch et al. 2001b; Zhou & Anderson 2002) .
It is notable that MN progenitors are one of the first groups of progenitors in the spinal cord to differentiate (Altman & Bayer 1984) , and their proliferative capacity appears to be very limited (B. G. Novitch 2005, unpublished data) . It is probable that these features are a direct consequence of high levels of proneural bHLH gene expression within these cells, and suggest that an additional function of Olig2 may be to specify the timing at which MN progenitors differentiate. Through these actions, Olig2 appears to consolidate diverse aspects of pattern, cell identity, cell cycle control and neurogenesis into a coherent programme of differentiation (Mizuguchi et al. 2001; Novitch et al. 2001b) . Since the coordination of these processes is equally important for the formation of other cell types in the spinal cord, an open question is how aspects of cell identity and neurogenesis are jointly regulated in other progenitor domains, and whether proteins related to Olig2 may be involved. An examination of the Olig2-related bHLH protein Olig3 in the dorsal spinal cord shows that Olig3 plays an essential role in the specification of different classes of dorsal interneurons and is additionally required for the patterned expression of proneural bHLH proteins within dorsal progenitors (Muller et al. 2005) . Intriguingly, Olig3 appears to be expressed by several groups of cells in the ventral spinal cord (Takebayashi et al. 2002b) , raising the possibility that the function of the Olig family of bHLH proteins in coordinating cell-fate choices and neurogenesis may be widespread.
Studies of the role of Olig2 and bHLH protein function in MN differentiation have led to insights into the mechanisms by which the temporal progression from dividing progenitors to differentiated MNs occurs. Though Olig2 orchestrates the expression of both the proneural bHLH proteins Ngn2 and NeuroM, as well as MN-specific transcription factors such as Lim3 (Lhx3), Isl1 and Isl2 in progenitors and newly formed neurons (Mizuguchi et al. 2001; Novitch et al. 2001) , the sustained expression of Olig2 appears paradoxically to block the function of these transcription factors in activating downstream MN differentiation genes, including the homeodomain protein Hb9 (Lee et al. 2005) . The activation of Hb9 expression within differentiated MNs results from a synergistic interaction between Lim3, Isl1 and either Ngn2 or NeuroM mediated by the nuclear Lim-interacting protein (NLI; Lee & Pfaff 2003; Lee et al. 2004) . These proteins together form a transcriptional activation complex at a defined region within the Hb9 promoter, containing several Lim-HD protein binding sites, to which Lim3 and Isl1 bind, flanking an E-box, to which Ngn2 or NeuroM bind (Lee & Pfaff 2003) . Strikingly, in immature MN progenitors, Olig2 competes with Ngn2 in the binding to this E-box within the Hb9 promoter and, when bound, Olig2 recruits a transcriptional repressor complex that prevents the expression of Hb9 (Lee et al. 2005) . Thus, a critical step in the differentiation of MNs is the transition point at which the levels of Ngn2/NeuroM expression have risen above those of Olig2 to enable Ngn2/NeuroM to bind to the Hb9 promoter and activate its expression. Together, these findings indicate that the mechanisms that elevate the levels of Ngn2/NeuroM are vital for the development of MNs, and, conversely, pathways that reduce Ngn2/NeuroM are likely to hold Olig2 C progenitors in an undifferentiated state. Likewise, the downregulation of Olig2 is critical for the subsequent maturation of MNs.
NOTCH SIGNALLING AND THE TRANSITION OF NEURAL PROGENITORS TO GLIAL PROGENITORS
Though the majority of Olig2-expressing cells in the ventral spinal cord differentiates into MNs early in development, a residual population of Olig2 C cells persists and gives rise to oligodendrocytes later in development (Lu et al. 2000; Zhou et al. 2000 Zhou et al. , 2001 . Thus, the ability to maintain a population of undifferentiated Olig2
C progenitor cells throughout the course of MN development is likely to be important for later gliogenesis. Since the development of MNs depends on the differentiation promoting function of proneural bHLH proteins such as Ngn2 (Mizuguchi et al. 2001; Novitch et al. 2001; Scardigli et al. 2001) , mechanisms that antagonize proneural bHLH gene expression, such as the Notch signalling pathway, may contribute to the maintenance of Olig2 C progenitors and regulate the transition from MN progenitors to glial progenitors. In the spinal cord, Notch signalling activates the expression of the Hairy/Enhancer of split (Hes) family of bHLH repressors, most notably Hes1 and Hes5. These prevent the expression of proneural bHLH proteins, such as Ngn2, and maintain progenitor cells in an undifferentiated state (Hatakeyama et al. 2004; Fior & Henrique 2005) . Loss of Notch signalling in the CNS, either by misexpression of dominant interfering signalling components or by deletion of Notch receptors, Notch ligands, Hes genes or other components of the Notch pathway leads to the precocious expression of proneural bHLH proteins and, consequently, premature neuronal differentiation and a depletion of progenitor cells (Wettstein et al. 1997; Ohtsuka et al. 1999 Ohtsuka et al. , 2001 Handler et al. 2000; Park & Appel 2003; Hatakeyama et al. 2004) . The reciprocal activation of the Notch pathway, through the misexpression of either the Notch1 intracellular domain or the Hes genes, appears to have different outcomes depending on the time at which these genes are expressed. In newly formed neural progenitors, ectopic activation of the Notch pathway leads to the marked downregulation of proneural bHLH gene expression and failed neural differentiation (Park & Appel 2003) . This decrease in neurogenesis is reciprocated by an overall increase in the number of stem and progenitor cells that remain at later times in development (Park & Appel 2003) .
Though gain-of-function experiments performed in the retina, telencephalon and neural crest have argued for an instructive role for Notch signalling in the formation of glia (Furukawa et al. 2000; Gaiano et al. 2000; Hojo et al. 2000; Morrison et al. 2000; Wakamatsu et al. 2000; Chambers et al. 2001; Scheer et al. 2001) , an analysis of the effects of Notch signalling on oligodendrocyte formation in the spinal cord reveals that, at early stages, activation of the Notch pathway has little or no effect on Olig2 expression (Park & Appel 2003) . However, as a probable consequence of their inability to differentiate into MNs, the number of Olig2 C cells is increased at later times following the activation of the Notch pathway, leading to an overall increase in production of oligodendrocytes (Park & Appel 2003) . Interestingly, the timing of oligodendrocyte formation was not advanced by this manipulation, indicating that Notch signalling alone is not a sufficient stimulus for glial differentiation and that additional temporal cues are required. Together, these data indicate that, in the ventral spinal cord, Notch signalling does not play a role in directing cells to take on an oligodendrocyte fate. However, through its ability to limit the expression of Ngn2 within Olig2-expressing cells, Notch signalling can maintain a residual population of Olig2 C cells with the capacity to form oligodendrocytes later in development.
While progress has been made in understanding the mechanisms by which neural progenitors in the spinal cord transition into oligodendrocyte progenitors, much less is known about how astrocyte progenitors are specified. Insight into this process has recently been made through studies of the function of the bHLH protein Scl in the ventral spinal cord. Early in development, Scl is expressed by neural progenitors that give rise to a subset of V2 interneurons (Smith et al. 2002; Muroyama et al. 2005) . However, at later times, the production of V2 interneurons ceases and Scl C cells transform into astrocyte progenitors (Muroyama et al. 2005) . In a manner analogous to Olig2, Scl appears to be both necessary and sufficient to direct the formation of V2 interneurons and astrocytes, which may be attributed to its ability to extinguish the expression of Olig2 and thereby suppress MN and Ventral neural tube patterning J. Briscoe & B. G. Novitch 65 oligodendrocyte generation (Muroyama et al. 2005) . Thus, the opponent activities of Olig2 and Scl together with the Notch signalling pathway and other timing mechanisms may account for how distinct neuronal and glial cell types are generated in both a spatially and a temporally organized manner.
CONCLUDING REMARKS
Through these studies of spinal cord development, a coherent description of the genetic networks that regulate the acquisition of neuronal subtype identity and neuronal differentiation has begun to emerge. At present, our understanding of the formation of MNs is the most complete (figures 3 and 4). In this case, the combined actions of Shh, RA, FGF and BMP signalling establish a group of progenitors for MNs in a discrete region of the ventral neural tube (figure 2). These progenitors are delineated by the expression and combinatorial patterning function of three homeodomain proteins, Nkx2.2, Nkx6.1 and Irx3, which act to restrict the generation of MNs to the appropriate region of the neural tube . This early patterning activity leads to the spatially restricted expression of factors essential for MN specification, most notably Olig2 (Mizuguchi et al. 2001; Novitch et al. 2001) , which functions to coordinate the acquisition of pan-neuronal properties and subtype characteristics of differentiating MNs. Despite the advances made in our understanding of the pathways leading to MN development, many issues remain unresolved. For example, although in this review we have focused on the patterning of neurons along the dorsoventral axis, also apparent are anterior-posterior differences in the subtypes of neurons generated (Carpenter 2002) . The details of how this aspect of neuronal identity is controlled have only recently begun to emerge. Remarkably, some of the signals known to contribute to anterior-posterior patterning include those that function in dorsoventral patterning such as FGF and RA (Liu et al. 2001) , and the partitioning of groups of cells along the anterior-posterior axis appears to result from cross-repressive interactions between homeodomain proteins of the Hox family (Dasen et al. 2003) . Thus, similarities between the patterning of cells along these axes appear to exist, and insights into mechanisms regulating dorsoventral pattern provide a foundation for unravelling the details of anteriorposterior patterning. A significant goal for the future will be to understand how positional information conveyed by signalling along these axes is integrated into specific programmes of cellular differentiation.
A more ambitious challenge, however, will be to rigorously test whether knowledge of the signals and genetic pathways that generate diverse cell types in the central nervous system during development can be applied to direct the identity and differentiation of stem cells and neural progenitors in vitro. By understanding which combinations of growth factors and genes drive the formation of specific cell types, it may be possible to design cell culture strategies that recapitulate the in vivo sequence of events and permit the generation of a cell type of interest on demand. The recent demonstration that the addition of the signalling factors that induce MN formation in vivo, Shh and RA, can also induce embryonic stem cells to generate MN progenitor cells that express the correct profile of intrinsic transcription factors, and subsequently to differentiate into functional MNs ( Wichterle et al. 2002) , is an elegant demonstration that it is indeed possible to recapitulate in vivo developmental pathways. These studies provide a proof of principle for this general approach and raise the possibility of exploiting stem cells for research into and treatment of a number of neurodegenerative diseases.
